A simple, precise and accurate kinetic spectrophotometric method for determination of cefradine anhydrous, cefaclor monohydrate, cefadroxil monohydrate, cefalexin anhydrous and cefixime in bulk and in pharmaceutical formulations has been developed. The method based on a kinetic investigation of the reaction of the free carboxylic acid group of the drug with a mixture of potassium iodate and potassium iodide at room temperature to form yellow coloured triiodide ions. The reaction was followed up spectrophotometrically by measuring the increase in absorbance at 352 nm as a function of time. The initial rate, fixed time, variable time and rate-constant methods were adopted for constructing the calibration curves but fixed time method has been found to be more applicable. The analytical performance of the method, in terms of accuracy and precision, was statistically validated; the results were satisfactory. The method has been successfully applied to the determination of the studied drugs in commercial pharmaceutical formulations. Statistical comparison of the results with a well established reported method showed excellent agreement and proved that there is no significant difference in the accuracy and precision.
INTRODUCTION
Because cephalosporins are among the safest and the most effective broad-spectrum bactericidal antimicrobial agents available to the clinician, they have become the most widely prescribed of all antibiotics. All of these semi-synthetic antibiotics are derived from 7-amino-cephalosporanic acid and contain a β-lactam ring fused to a dihydrothiazine ring ( Table 1 ) but differ in the nature of the substituents attached at the 3 and/or 7-positions of the cephem ring. These substitutions affect either the pharmacokinetic properties (3-position) or the antibacterial spectrum (7-position) of the cephalosporins. Cephalosporins operate by inhibiting bacterial cell wall biosynthesis which grows actively against a wide range of both gram-positive and gram-negative bacteria. The positive results of these drugs include the resistance of penicillinases and ability to treat infections that are resistant to penicillin derivatives. The official methods for analyzing cephalosporins are mostly chromatographic methods [1] which are expensive. Most of the reported methods involve the cleavage of the β-lactam moiety of the cephalosporin structure. These methods include spectrophotometric [2] [3] [4] [5] [6] spectrofluorimetric [7] [8] [9] [10] . and electrochemical methods [11] [12] [13] . A direct chemical analysis based on the reactivity of the intact molecule is not frequently encountered.
Kinetic spectrophotometric methods are becoming of great interest in chemical and pharmaceutical analysis [14] . The application of these methods offered some specific advantages [15, 16] . 1) Simplicity owing to elimination of some experimental steps such as filtration and extraction prior to absorbance measurements.
2) High selectivity due to the measurement of the increase or decrease of the absorbance as a function of reaction time instead of measuring the concrete absorbance value.
3) Avoiding the interference of the coloured and/or turbidity background of the samples, and possibility of avoiding the interference of the other active compounds present in the commercial product if they are resisting the established reaction conditions.
The literatures are still lacking analytical procedures based on kinetics for determination of the investigated drugs in commercial dosage forms. A kinetic spectrophotometric method has been reported for determination of cefadroxil based on its alkaline hydrolysis [17] . With the exception of cefadroxil, this part represents the first attempt for assaying the investigated drugs without degradation in pure forms and in different pharmaceutical dosage forms using kinetic spectrophotometric method. The literature reveals a kinetic spectrophotometric method for determination of ramipril [18] that based on the reaction of its carboxylic acid group with iodate/iodide mixture in aqueous medium at room temperature to form yellow coloured triiodide ions. The reaction was followed up spectrophotometrically by measuring the increase in absorbance at 352 nm as a function of time.
This reaction drew our attention to investigate it on our studied drugs that contain free carboxylic acid group (Table 1) . Accordingly, this reaction was studied in order to find out if it would lend itself applicable to the analysis of cefradine anhydrous, cefaclor monohydrate, cefadroxil monohydrate, cefalexin anhydrous and cefixime in pure forms and in pharmaceutical formulations. As a result of these investigations; a simple, rapid and accurate kinetic spectrophotometric method for determination of the aforementioned cephalosporin drugs without degradation was devised. The fixed time method is adopted after full investigation and understanding of the kinetics of the reaction. The proposed method does not require the elaboration of treatment and procedures, which are usually associated with chroma tographic methods.
EXPERIMENTAL

Apparatus
Shimadzu UV-1700 PC, UV-Visible Spectrophotometer (Tokyo, Japan), Ultrasonic cleaner (Cole -Parmer, Chicago, USA) and Sartorious handy balance -H51 (Hannover, Germany).
Materials and Reagents
All solvents used were of analytical-reagent grade, potassium iodide (El-Nasr Chemical Co. Cairo, Egypt) freshly prepared aqueous solution (1.5 M), potassium iodate (El-Nasr Chemical Co. Cairo, Egypt) freshly prepared aqueous solution (0.3 M), cefaclor monohydrate and cefradine anhydrous (Sigma Chemical Co., St. Louis, USA) cefadroxil monohydrate (Amoun Pharmaceutical Industries Co., APIC, Cairo, Egypt), cefalexin anhydrous (GalaxoWellcome, S.A.E., El Salam City, Cairo, Egypt) and cefixime (El-Hekma Co., Cairo, Egypt) were obtained as gifts and were used as supplied and pharmaceutical formulations containing the studied drugs were purchased from local market. 
Preparation of Standard Solutions
Stock solutions containing 1 mg mL -1 of each cephalosporin namely, cefradine anhydrous, cefadroxil monohydrate, cefaclor monohydrate, cefalexin anhydrous and cefixime were prepared in methanol. Working standard solutions containing 0.1-0.5 mg mL -1 (in case of cefixime, working standard solutions containing 0.05-0.25 mg mL -1 ) were prepared by suitable dilution of the stock solution with methanol. The stock and working standard solutions must be freshly prepared.
Preparation of Sample Solutions
Tablets and Capsules
Twenty tablets or the contents of 20 capsules were weighed, finely powdered and mixed thoroughly. An accurately weighed amount of the powder obtained from tablets or capsules equivalent to 250 mg of each drug was transferred into a 50-mL volumetric flask, dissolved in about 25 mL methanol, sonicated for 15 min, diluted to the mark with methanol, mixed well and filtered; the first portion of the filtrate was rejected. Further dilutions with methanol were made to obtain sample solution containing 0.3 mg mL -1 (in case of cefixime, further dilutions with methanol were made to obtain sample solution containing 0.15 mg mL -1 ) and then the general procedure was followed.
Powder for Oral Suspension
An accurately weighed amount of powder equivalent to 250 mg of each drug was transferred into a 50 mL volumetric flask, then the procedure was followed as under tablets and capsules beginning from (dissolved in about 25 mL methanol).
General Procedure
Accurately measured one millilitre aliquot volume of the standard or sample solutions was transferred into 10-mL volumetric flask. One millilitre of 0.3 M of potassium iodate was added followed by 1 mL of 1.5 M of potassium iodide. The content of the flask was mixed well and diluted to volume with methanol. The increase in absorbance was measured at 352 nm against reagent blank treated similarly. The four kinetic methods namely, initial rate, fixed time, variable time and rate constant methods were used for construction of the calibration curves and determination of the studied drugs.
RESULTS AND DISCUSSION
Absorption Spectra
Absorption spectrum of cefradine anhydrous which was taken as a representative example for all studied drugs is shown in Figure 1 . This spectrum shows no absorption at 352 nm whereas the absorbance of the reagent solution (KIO 3 and KI in methanol) at 352 nm is about 0.02. The wavelengths of maximum absorption of the interaction coloured product of cefradine anhydrous with KIO 3 and KI are at 298 and 352 nm. It is obvious that at 298 nm there is background absorption from the drug itself and from the reagent blank (Figure 1) . Therefore, the absorbance measurements for the determination of the studied drugs were made at 352 nm. The equilibrium is attained in ~30 minutes. Therefore, a kinetically based spectrophotometric method was developed for the quantitative determination of the investigated drugs by measuring the increase in absorbance at 352 nm as a function of time.
Optimization of Reaction Conditions
The experimental parameters affecting the reaction between the investigated drugs, potassium iodate and potassium iodide were carefully studied and optimized. Cefardine anhydrous (30 μg mL -1 ) was taken as a representative example for this study. These factors include:
Effect of Potassium Iodate Concentration
The concentration of potassium iodate, for the maximum colour development at 352 nm, was studied in the range of 0.05-0.6 M. From Figure 2 , it was found that the absorbance of the interaction coloured product is increased with increasing potassium iodate concentration. Maximum absorbance was attained by using 0.25 M; above this concentration and up to 0.6 M KIO 3 , the absorbance remains constant. Therefore, 1 mL of 0.3 M potassium iodate was selected during subsequent work.
Effect of Potassium Lodide Concentration
The influence of potassium iodide concentration on producing the maximum absorption intensity was investigated using 0.3-2.4 M potassium iodide. Maximum absorption readings were obtained upon using 1 mL of 1.3 M potassium iodide; above this concentration the absorbance remains constant. So, 1 mL of 1.5M of KI was used for further work (Figure 3 ).
Effect of Diluting Solvent
Different solvents were tested in order to select the most appropriate solvent for producing the maximum absorption intensity. The results given in Table 2 show the slight effect on λ max while the absorption intensity was affected. Methanol was used throughout this work because it gave the highest absorbance readings and the most reproducible results.
Effect of Temperature
As expected from the Arrhenius equation [19] , the reaction rate is increased with increasing temperature. So, trials have been done to carry out the reaction at higher temperatures. It was found that the studied drugs undergo degradation and iodine is unstable at higher temperatures [20] . Therefore, room temperature (25 ± 5℃) was recommended as the optimum temperature for this study.
Quantitation Methods
The initial rate, fixed time, variable time and rate constant methods [21, 22] were tested and the most suitable analytical approach was chosen regarding the applicability, sensitivity, the values of the intercept and correlation coefficient (r).
Initial Rate Method
Under the optimum experimental conditions, the assay of cefradine anhydrous, cefadroxil monohydrate, cefaclor monohydrate, cefalexin anhydrous and cefixime was performed at different concentration levels for 17 min at intervals of 2 min starting from 1 min at room temperature (25 ± 5℃). The absorbance at 352 nm was then recorded at each time interval. The assay was carried out in presence of excess concentration of potassium iodate and potassium iodide. Therefore, a pseudo-zero order reaction condition was worked out with respect to the concentration of the reagent.
The kinetic plots are all sigmoid in nature and the initial rate of reaction was obtained by measuring the slopes (ΔA/Δt) of the initial tangent to the absorbance-time curves at different concentrations of the investigated drugs. Figure 4 shows the kinetic plot for cefradine anhydrous as a representative example.
The initial rate of reaction would follow a pseudo-first order and obeyed the following rate equation:
whereas ν is the reaction rate, A is the absorbance, t is the measuring time, k' is the pseudo-first order rate constant, C is the concentration of the drug and n is the order of the reaction. The logarithmic form of the above equation is written as follows:
A calibration curve was constructed by plotting the logarithm of the initial rate of reaction (log v) versus logarithm of initial concentration of the investigated drugs (log C), which showed a linear relationship over concentration range of 2.59 × 10 -5 -1.44 × 10 -4 M for cefadroxil monohydrate, cefaclor monohydrate, cefalexin anhydrous and cefradine anhydrous (in case of cefixime, 1.10 × 10 -5 -5.51 × 10 -5 M). The regression equations of log rate versus log C are given in Table 3 . The correlation coefficients (r) of all studied drugs ranged from 0.9828 to 0.9971. The order (n) with respect to the studied drugs was evaluated by plotting the logarithm of the initial rate of reaction versus logarithm of the concentrations of the investigated drugs and was found to be approximately one which confirms the first-order reaction with respect to all investigated drug concentrations.
Fixed Time Method
In this method, the absorbance changes caused by effect of drug acidity on a mixture of potassium iodate and potassium iodide were recorded at a preselected fixed time at intervals of 2 min. The change in absorbance (ΔA) between the times t 1 (1 min) and t 2 (3, 5, 7, 9, 11, 13, 15 and 17) was computed and plotted against the concentration of each of the studied drugs. The corresponding linear regression equations with correlation coefficients are summarised in Table 4 . It is evident from the table that the most acceptable linearity was obtained when the calibration graphs were plotted by considering the change in absorbance between 1 and 11 min (i.e. ΔA= A 11 -A 1 ). It is also clear that the slope increases with time and the most acceptable values of r and the intercept were obtained for a fixed time of 10 min, which was therefore chosen as the most suitable time interval for the measurement. The calibration curve was linear in the range of 10 to 50 µg mL -1 for cefadroxil monohydrate, cefaclor monohydrate, cefalexin anhydrous and cefradine anhydrous (in case of cefixime, 5-25 µg mL -1 ). The correlation coefficients (r) of all studied drugs ranged from 0.9991 to 0.9997. Reasonable values of LOD and LOQ were obtained which ranged from 0.22 to 1.10 and from 0.67 to 3.33 µg mL -1 ; respectively as indicated in Table 5 .
Variable Time Method
The general procedure was followed up for each of the studied drugs at different concentration levels by recording the time in seconds required for the absorbance to reach 0.20. This preselected value of the absorbance was chosen as it gives the widest calibration range. The reciprocal of time (1/Δt) versus the initial concentration of the studied drugs was plotted and the equations of the calibration graphs are given in Table 6 . The correlation coefficients (r) of all studied drugs ranged from 0.9646 to 0.9873.
Rate Constant Method
Under the described experimental conditions, analysis was carried out for each of the studied drugs at different concentration levels starting from 1 min until 17 min at regular intervals of 2 min at room temperature (25 ± 5℃). Graphs of log absorbance change at 352 nm versus time in seconds for each of the studied drugs were constructed. Pseudo first-order rate constants (k') corresponding to different investigated drugs concentrations (C) were calculated from the slopes, multiplied by -2.303. Pseudo first-order rate constant (k') versus the initial concentration of the studied drugs was then plotted and the equations of the calibration graphs are given in Table 7 . The correlation coefficients (r) for all the studied drugs ranged from 0.8742 to 0.9290. These low values of r may be due to slight changes in temperature.
Method Validation Study
Fixed time method was chosen to carry out the validation study as it gives the highest values of correlation coefficients. The proposed method was validated according to ICH (International Conference on Harmonization) guidelines on the validation of analytical methods [23] and complied with USP 31 validation guidelines [1] . All results were expressed as percentages, where n represents the number of values. For the statistical analysis Excel 2003 (Microsoft Office) was used. A 5% significance level was selected.
Accuracy
The accuracy of the method was determined by investigating the recovery of each of the studied drugs at three concentration levels covering the specified calibration range (six replicates of each concentration). The results shown in Table 8 depict good accuracy and recovery percentage ranged from 98.0 to 101.9%.
Precision
As indicated in Table 9 , the results of SD and % RSD can be considered to be very satisfactory which prove the precision of the proposed method.
Selectivity
The selectivity of the proposed method for determination of the studied drugs in the presence of frequently encountered excipients such as; starch, talc, lactose, glucose, sucrose, magnesium-stearate and gum acacia was studied. It was found that there is no interference from these excipients and additives. So, the proposed method can be considered a selective one.
Robustness
Robustness was examined by evaluating the influence of small variation of method variables including; potassium iodate concentration, potassium iodide concentration, measurement time on the method suitability and sensitivity. It was found that none of these variables significantly affected the performance of the method (Table 10 ). Table 7 . Values of k' calculated from slopes of log A versus t graphs multiplied by -2.303 for different concentrations of the studied drugs. 
Applications to the Analysis of Pharmaceutical Dosage Forms
The proposed method (fixed time) was applied successfully for determination of the studied drugs in their pharmaceutical dosage forms. The results obtained (Table 11) were satisfactory compared to those given by a previously reported method [24] . Recovery studies were also carried out by standard addition method [25] . Good recoveries (96.3 to 102.8%) were obtained and these values confirmed the absence of interference due to common excipients ( Table 12 ). The proposed method couldn't be applied to pharmaceutical formulations containing L-arginine as it is a basic amino acid (its side chain contains a strongly basic guanidine group, pKa = 13.2 [26] ) and so, interferes with iodine liberation from the studied drug.
Suggested Reaction Mechanism
It has been suggested that water-soluble acidic compounds liberate iodine from a solution containing both KIO 3 and KI according to the reaction [27] ;
Yellowing of the solution reveals the occurrence of the reaction. The yellow colour of the solution is due to the formation of I 2 , which immediately converted into triiodide ions (I 2 + I − → I 3 − ) exhibiting absorption maxima at 290 nm and 360 nm [18] . The chemical structure of investigated cephalosporins contains -COOH group in its moiety and hence possibly undergo a similar reaction with iodide-iodate mixture resulting in the production of iodine. The liberated iodine immediately reacts with potassium iodide to give triiodide ions showing absorption maxima at 298 nm and 352 nm. The reaction sequence is shown in Formula (1) .
Formula (1) suggested reaction sequence of the proposed method. Table 9 . Intra-and inter-day precision of the proposed kinetic spectrophotometric method. The confirmatory test for the presence of iodine in the final solution of the drug is established by the blue colour, which appears on addition of starch solution. In case of cefixime, it may be suggested that 3 mole of cefixime instead of six react with iodate/ioide mixture as it contains 2 carboxylic acid groups. 
